Here we use textures made up of widely spaced Gabor patches to compare infant and adult sensitivity to the global organization of the elements comprising the textures. Visual Evoked Potentials (VEPs) were recorded to alterations between random images and images containing varying proportions of patches that were of the same orientation. The patches were placed on rectangular, hexagonal or random lattices. Texture-specific responses were robust in adults and their VEP threshold was reached when 1-17% of the patches had the same orientation in the structured image. Infant thresholds were approximately 20-60%. While infants are capable of detecting the global structure of our textures, their sensitivity is low. In adults we found, unexpectedly, that sensitivity and response gain were higher for horizontal compared to vertical global orientations. Infant sensitivity was the same for the two orientations. Comparable orientation anisotropies have not been previously reported for gratings, suggesting that the Gabor-defined textures are tapping different mechanisms. There were small, but measurable effects of the lattice type in adults, with the rectangular lattice producing the largest responses.
Introduction
The detection of locally parallel structure, sometimes referred to as texture flow, is a fundamental aspect of the perception of object shape and surface layout (Ben-Shahar, 2003; Hel Or & Zucker, 1989; Knill, 2001; Li & Zaidi, 2000) . Changes in the orientation and spatial frequency distribution of the retinal image are systematically related to object shape and to the geometry of the projection onto the retina. Extracting regularities in the distribution of orientation and spatial frequency changes across the image is thus critical for recovering object shape or the three-dimensional layout of surfaces (Gibson, 1950) . In addition, different materials lead to qualitative differences in the projected distributions of orientation and spatial frequency on the retina. The discrimination of material properties thus requires sensitivity to the statistical distribution of these properties.
The extraction of the dominant orientation or spatial frequency content of a retinal image patch can be accomplished by oriented filters of very limited extent. The determination of the orientation and spatial frequency modulations caused by object shape and projective geometry, on the other hand, must be extracted over substantially larger regions of the image. Similarly, reliable estimates of material properties also require integration of orientation and spatial frequency statistics over extended regions of the image. The ability to determine shape, layout and material properties thus requires sensitivity to local orientation and spatial frequency information plus specific processes for integrating these parameters across the image.
Oriented receptive fields are present at birth in the primary visual cortex of non-human primates (Chino, Smith, Hatta, & Cheng, 1997) start of visual experience. Integration of orientation information over long distances, on the other hand, is believed to depend, at least in part, on intra-cortical connections that link iso-orientation columns (Gilbert & Wiesel, 1989; Malach, Amir, Harel, & Grinvald, 1993; Rockland & Lund, 1982 , 1983 , as well as feedback connections between visual areas (see Angelucci et al. (2002) for a recent review). Feedback connections from V2 to V1, like intrinsic horizontal connections within areas, have recently been shown to occur predominantly for similar orientations (Shmuel et al., 2005) . Moreover, the targeting of feedback connections to V1 in that study is spatially anisotropic, at least in the owl monkey, consistent with selective targeting of collinearly arranged orientation columns. This pattern of anatomical connections suggests that textures comprised of iso-oriented stimuli may evoke different responses than textures made up of orientation mixtures and further, that responses may depend on the particular spatial configurations present in the texture. As a practical matter, tasks that involve comparisons of orientation information across large distances may serve as functional probes of the integrity of long-range horizontal and feedback intra-cortical connections.
Long-range intra-cortical connections appear to have a protracted developmental sequence relative to feed-forward connections (Burkhalter, 1993; Burkhalter, Bernardo, & Charles, 1993; Singer, 1995) and are highly susceptible to abnormal post-natal experience (Callaway & Katz, 1991; Tychsen, Wong, & Burkhalter, 2004; White, Coppola, & Fitzpatrick, 2001; Zufferey, Jin, Nakamura, Tettoni, & Innocenti, 1999) . Thus tasks that rely on long-range integration mechanisms may show extended development and plasticity. Very little is known about the quality of integrative orientation processing during early development. Interactions between receptive field centers and their surround, which are believed to rely on a combination of horizontal and feedback connections are selectively immature in macaque V2 as opposed to V1 (Zhang et al., 2005) . At a functional level, an early study (Humphrey, Muir, Dodwell, & Humphrey, 1988) found that four month-old infants could discriminate arrays of radially ordered lines from random ones. The contour-in-noise task (Field, Hayes, & Hess, 1993; Kovacs & Julesz, 1993) , which relies on long-range integration of collinear elements, shows a protracted developmental sequence in both humans (Kovacs, Kozma, Feher, & Benedek, 1999; Pennefather, Chandna, Kovacs, Polat, & Norcia, 1999) and non-human primates (Kiorpes & Bassin, 2003) . More difficult to interpret in the context of long-range integration are the studies of behavioral sensitivity for texture-defined forms, a common task in the adult psychophysical literature (Nothdurft, 1985a (Nothdurft, , 1985b (Nothdurft, , 1991 Wolfson & Landy, 1995 . Atkinson and Braddick (1992) showed that the ability to discriminate texture-defined forms against a differently oriented background is present by 14-18 weeks of age, while other studies (Rieth & Sireteanu, 1994; Sireteanu & Rieth, 1992) found this ability starting to emerge at only 9-12 months of age, with adult-like performance being achieved around school age. The discrimination of a segmented image from a uniform one can, in principle, be accomplished by local mechanisms sensitive to orientation changes at the borders of the texture-defined object and it is thus unclear the extent to which such tasks require integration over larger regions of the image.
In a previous study (Norcia et al., 2005) , we investigated the ability of 2-8 month-olds to discriminate textures that differed only in their orientation statistics. The textures used in our previous study were composed of rectangular arrays of Gabor patches that were either all of the same orientation or all of a random orientation. Furthermore, the patches were widely spaced: the center-to-center distances between patches were 3 wavelengths of the 1.5 cpd carrier spatial frequency. Differential responses to organized versus random patterns required the integration of orientation across at least two patches and a considerable distance. This degree of separation is sufficiently large to emphasize integration via horizontal or feedback connections (Angelucci et al., 2002; Cavanaugh, Bair, & Movshon, 2002) . We found specific components of the Visual Evoked Potential (odd harmonics) that captured differences in the response between systematically ordered textures and random ones and thus sensitivity to the global structure of the texture. Specifically, in both infants and adults, the VEP response to an exchange of an organized texture with a random one contained significant odd harmonic components. Exchanges between two random patterns led to response that contained only even harmonics. The odd harmonic components arose due to the responses after a transition from organized to random images being different from those occurring after the transition from random to organized. The local contrast changes cause by the image alternations were the same in the organized/random stimuli and in the random/random stimuli and thus the odd harmonics were due to the detection of ''conjunctions'' of like orientations in the organized image. Using the VEP, we found sensitivity to the spatial distribution of singlescale orientation information as early as two months of life. Sensitivity to collinear contour stimuli was demonstrable only after 6 months of age.
In our previous study (Norcia et al., 2005) , we alternated images that contained patches that were all of the same orientation with images that were completely random. Here we estimated the sensitivity of adult and 6 month-old infants by measuring evoked responses to a series of pattern exchanges that differed in the fraction of patches that were plotted at the same orientation in the oriented member of the alternation. Our previous study also contrasted texture-related responses to those generated in a contour integration paradigm that required the specific ability to integrate information that was approximately collinear. Infant responses were substantially smaller to these stimuli than they were to textures. In the present study, we assessed the importance of element collinearity and spatial regularity in adults prior to choosing a more limited set of stimulus conditions that could be successfully tested in infants. We found modestly larger responses for the regular arrays that led to collinear arrangements of next neighbors and these patterns were therefore used to test infants. Finally, we compared response amplitude and sensitivity for horizontal and vertical global orientations and found and unexpected effect: responses were larger and sensitivity was higher for horizontal versus vertical texture orientations in adults. Both orientations were therefore tested in the infants.
Methods

Observers
VEPs were recorded in 15 adults with normal or corrected to normal vision, and in a group of 29 typically developing infants from 20 to 38 weeks old (mean age 6.3 months). We obtained informed consent from the adult participants and from one of the parents of each infant after an explanation of the nature and possible consequences of the study. The research followed the tenets of the World Medical Association Declaration of Helsinki and the local Institutional Review Board approved the research protocol.
Stimuli
Stimuli were presented on a Power Macintosh G4 computer using conventional raster graphics methods (800 · 600 pixels at a 72 Hz refreshrate) on a monochrome monitor (Richardson Electronics MR-2000 Med-HB, video bandwidth 150 MHz). Textures were composed of Gabor patches (sine-wave gratings windowed by a Gaussian envelope). The carrier spatial frequency of each Gabor patch was 2 c/deg and the envelope allowed approximately 2 cycles to be visible. The Gabor-patch contrast was 80% using the Michelson definition, the mean luminance was 120 cd/m 2 and the viewing distance was 70 cm. The textures were presented in a circular field (diameter of 15.6 deg) surrounded by a rectangular mean luminance surround.
Fixed parameter textures
In the first part of the adult experiment, globally organized textures comprised of Gabor patches were alternated every 250 ms (2 Hz temporal frequency) with fields having the same number of patches, centered on the same locations, but in which the individual patches were randomly oriented. A new random pattern was used for each alternation. Each trial consisted of a consecutive sequence of these alternating patterns lasting 10 s. The stimulus was presented for 1 s before the start of the data analysis to allow settling of the initial contrast transient generated by the onset of the patterns from an otherwise blank field. An additional 1 s of display was appended at the end of the trial. The displays thus lasted 12 s, with the middle 10 s being used for data analysis.
The organized textures consisted either of vertically or horizontally oriented Gabor patches displayed on one of three lattices that differed in the relative positions of the patches with respect to one another (see Fig. 1 for illustrations of the different patch organizations). The rectangular lattice resulted in a configuration where each patch in the interior of the texture was flanked by patches of the same orientation at equal distances in its end-and side-zones. The end-zone patches were collinear and the axis of global collinearity was the same as the axis of the carrier orientation. In the hexagonal lattice condition, none of the neighboring patches were collinear, but there were collinear patches located in every other row (at a distance of 6 wavelengths of the carrier). In the random lattice, there was no systematic placement of patches with respect to end-or size-zones. The center-to-center spacing was varied for the different lattices in order to keep the total number of patches and the average patch density in the display constant. The center-to-center separation between each Gabor was 3.2 wavelengths (k) of the carrier spatial frequency in the rectangular lattice conditions, 3.46k in the hexagonal lattice conditions and 3.01k in the random lattice conditions. For each of the three lattices, we created texture-absent control conditions in which two patterns having all randomly oriented patches were alternated, as described above. The texture-present test conditions and texture-absent control conditions had the same number of patches with the same relative spacings. Trials for each of the conditions were randomly interleaved during recording sessions for all observers in blocks of five trials.
Swept parameter textures
In addition to measuring responses to organized textures where all of the elements were either horizontal or vertical, we also measured how responses depended on the degree of global organization. This was manipulated by randomizing the orientations of a specific proportion of patches. The percentage of patches retaining the global orientation was termed the coherence of the organized texture. Hence, global organization of a texture became more visible as its coherence increased. In adults, we tested coherences ranging from 0% to 100%, and in infants from 30% to 100%. For both groups, the coherence range was divided into 10 linearly spaced levels, each one used to create a one-second-long alternating stimulus step, as described above. These 10 steps were presented in a consecutive sequence, in order of increasing or decreasing visibility, to create a 10-s recording trial, again preceded and succeeded by 1 s of stimulus without recording. The textures were alternated at 1 Hz for the infants and 2 Hz for the adults.
Procedure
In the adults, we recorded nine fixed-texture conditions and six sweptcoherence conditions in one session, randomizing the order of presentation of the single conditions for each observer. The fixed conditions con-
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Hexagonal Random Fig. 1 . Illustration of the three lattice configurations. Left, rectangular lattice with vertical global orientation; middle, hexagonal lattice; right, random lattice. The center-to-center separation between adjacent Gabors was 3.2 wavelengths of the carrier spatial frequency (k) in the rectangular lattice conditions, 3.46k in the hexagonal lattice conditions and 3.01k in the random lattice conditions. For all three lattice test stimuli, the corresponding control stimuli were obtained by randomizing the individual Gabor patch orientations on the same grid locations.
sisted of horizontal, vertical and random global organizations for the rectangular, hexagonal and random lattices. The swept conditions excluded the random organization. We collected 10 trials for each fixed condition and 15 trials for the sweep conditions. The observers were instructed to fixate a patch in the center of the screen and to avoid blinking or movement.
We recorded from the infants using four of the swept coherence conditions in two different sessions: sweeps with increasing or decreasing visibility of a vertical pattern in one session and sweeps with increasing or decreasing visibility of a horizontal pattern in another session. We used rectangular lattices for all the conditions. The order of presentation was randomized across observers and sessions. All infants completed the four conditions. For the infant group, we collected 5-12 trials in each condition using a small noisy toy suspended over the center of the screen to control fixation and as an accommodative cue for the plane of the monitor. An experimenter standing behind the video monitor controlled fixation by observing the centration of the corneal reflex of the monitor in the infant's pupils. When the infant broke fixation, data collection was paused while the stimulus idled, alternating at the coherence level one step before that reached when the break occurred. Recording resumed after fixation was regained, and the stimulus continued sweeping through the remaining coherence levels.
EEG recording
Brain electrical activity was recorded with Grass gold-cup electrodes placed on the scalp with a conductive gel (10-20, D.O. Weaver). In the adults, a row of seven electrodes, each referenced to C z was placed symmetrically at a level of O z . The lateral electrodes were 3, 6, and 9 cm to the right and left of O z . For the infants, only the central three channels were used (O 1 , O z , and O 2 ). Electrode impedance was between 3 and 10 kX. The EEG was amplified by a factor of 50,000 for the adults and 20,000 times for the infants (Grass Model 12 amplifiers with analog filter settings of 0.3-100 Hz, measured at À6 dB points). The EEG was digitized to 16 bits accuracy at a sampling rate of 432 Hz.
VEP signal analysis
For the fixed parameter recordings, time-locked average waveforms were computed for each observer and grand averages were computed across observers. The time-averages were digitally filtered using an inverse Discrete Fourier Transform that computed a synthesis of the first 53 harmonics of the stimulus frequency. The epoch length for the transform was 2 s and the EEG noise at the odd multiples of 0.5 Hz was excluded from the synthesis, since no driven activity occurred at these frequencies. Significance of the difference potentials was assessed using a permutation test based on that of (Blair & Karniski, 1993) .
In addition, spectral analyses for single-observer data was performed using an adaptive filter (Tang & Norcia, 1995) . The first six harmonics were selected for quantitative analysis, since virtually all configurationspecific activity occurred below 6 Hz, even though the transient response contained frequencies up to 25-30 Hz. In the fixed trials, the amplitude and phase for each 10 s record was averaged coherently across trials within an observer. That is, the real and imaginary components for each trial were first averaged separately before computing the amplitude and phase for a given stimulus condition and observer. Group average amplitudes for the different harmonics and stimulus conditions were then computed without considering phase (scalar average).
For the swept trials, the recordings were partitioned into ten 1 s bins corresponding to each of the coherence level steps in the stimulus, and the amplitude and phase values were averaged across trials for each of these bins. Group averages were computed in a similar way-each observer's complex amplitudes were averaged coherently (vector average) on a bin-by-bin basis. Vector averaging of the amplitude versus coherence functions was necessary because of the low signal-to-noise ratio of the infant records. Error statistics for the swept-parameter group averages were computed using the T 2 circ statistic (Victor & Mast, 1991) . The presence of a statistically significant response at a given harmonic indicated that the 95% confidence interval around the mean amplitude determined by the value of the T 2 circ statistic (an F-ratio) did not include zero. Error bars in the figures depicting sweep responses are vector standard errors, some of which cross zero when the vector mean amplitude is small. Vector mean amplitude goes to zero, in the limit, for EEG noise. The plotting of the signal values relative to the stimulus values took into account the delays inherent in the adaptive filter.
Threshold and gain estimation from the swept response functions
The group VEP amplitude-versus-coherence functions were used to estimate coherence thresholds and response gain (slope) for the different stimulus conditions and observer groups. For each swept stimulus condition, channel, and harmonic, thresholds of the average response function was estimated by linear regression of amplitudes from the bins in which the response decreased monotonically to the point of stimulus invisibility. The range of bins eligible for regression depended on the statistical significance and phase-consistency of the response according to an algorithm adapted from previous studies of grating responses (Norcia, Clarke, & Tyler, 1985; Norcia, Tyler, Hamer, & Wesemann, 1989) . The regression range was limited to those bins where the following criteria were met: (1) response p-value in each bin was at most 0.16; (2) the difference in response phase for each pair of consecutive bins was between 80 and À100 deg, where phase increases with response latency; (3) at least one pair of consecutive bins had response T 2 circ p-values of 0.077 or less; (4) to exclude spike artifacts, the amplitude of the bin immediately before and the bin immediately after any given bin in the range could not both be less than 0.3 times the amplitude of that given bin. Once the regression range was established, the threshold stimulus value was determined by extrapolating the regression line to zero response amplitude. When applied to spectral data from background EEG, these criteria yield a less than 5% false alarm rate over a full set of harmonics and channels (data not shown).
To estimate the standard errors of thresholds and slopes from the regression analysis of the group average sweep response functions, we used a jackknife procedure (Sprent, 2000) . First, for the full group of observers, we determined the range of bins for regression using the algorithm above, and calculated the threshold, T and slope, S. Then, using the same regression range, we re-calculated a set of n (the number of observers) estimates of threshold and slope, T i and S i , each obtained by regressing the group response function obtained by deleting the ith observer. The standard error of the threshold, T se , was:
where T l was the mean of the T i . The standard error of the slope was obtained by the same formula, substituting S i for T i . For paired comparisons of group thresholds (or slopes) between two stimulus conditions, we calculated DT i along with the two individual threshold estimates obtained by deleting each observer. DT se , the standard error of DT, the mean threshold difference, was obtained using the same formula as above. The significance of a threshold (or slope) difference, given a null hypothesis of no difference, was quantified by p, the two-tailed cumulative probability of observing a standard normal deviate larger than the absolute value of DT/DT se .
Results
Fixed-texture responses
Average waveforms for the adult observers for horizontal global orientations are shown in Fig. 2 for the three lattice types (black traces) and their respective controls (gray traces). Data from the O z derivation are shown. In the responses to the control stimuli (Fig. 2, gray traces) , alternations between two randomly organized textures elicited a positive peak at around 100 ms after each stimulus transition that was followed by a shallow negativity. The response magnitudes and waveforms for the control conditions were very similar across the three lattice types. This indicates that the spacing parameters were calibrated correctly and that in the absence of global structure, patch density-rather than lattice geometry-dominates response amplitude and waveform.
Alternations between organized and random textures in the test stimuli, on the other hand, produced a characteristically asymmetric VEP response for all three lattice organizations (Fig. 2, black traces) . When compared to each control condition, the peak response about 100 ms after the transition to the organized state (at 0 ms) is larger, as is the subsequent negative wave between 130 and 300 ms. The offset of the global structure at 250 ms also leads to a significantly more negative response than is seen in the control condition. This effect is maximal around 160 ms after the offset of the global pattern. The responses from each of the horizontal lattices in Fig. 2 had more points of significant difference than those from the vertical lattice conditions.
The effect of global orientation is shown for the rectangular lattice in Fig. 3 for the full seven channel array. Data from the random-texture control condition are plotted in blue, the vertical lattice condition in red and the horizontal lattice condition in green. The responses from the horizontal and vertical lattice conditions differ from the control condition both after the random-organized transition at 0 ms (gray shading) and after the organized-random transition at 250 ms. The responses from the horizontal lattice condition show the largest differences from the control condition, particularly around 150 ms after the offset of the global structure (400 ms time point). Response waveforms from channel O z for three horizontal lattice types: top, rectangular; middle, hexagonal; bottom, random. Each waveform represents the response to each cycle of organized/random alternation, averaged over the 10 s of each trial, averaged over trials for each observer, and averaged over observers. The dark bars at the top of each plot axis indicate epochs of significant difference by permutation testing across observers (p < 0.05, corrected for multiple comparisons) between the test (black traces) and control conditions (gray traces). For all lattices, the responses to the organized/random transitions differ from those generated by random/random transitions. Responses to vertical lattices (not shown) were similar, but somewhat weaker. Fig. 3 . Effect of lattice orientation and organization. Group results are plotted for the seven-channel array for data recorded with the rectangular lattice structure. Electrode positions are labeled according to the International 10-10 nomenclature. Data from the random-texture control condition are plotted in blue, the vertical lattice condition in red and the horizontal lattice condition in green. The responses from the horizontal and vertical lattice conditions differ from the control condition both after the random-organized transition at 0 ms (gray shading) and after the organized-random transition at 250 ms. The responses from the horizontal lattice condition show the largest differences from the control condition, particularly around 150 ms after the offset of the global structure (400 ms time point).
The most notable waveform difference between horizontal and vertical lattice orientations occurs in the size of the offset response that is larger for the horizontal lattice (negative peak at 400 ms in plot, 250 ms after the offset of global structure).
Frequency domain analysis of texture-related response
In the frequency domain, the response asymmetry in the test conditions is reflected by the presence of significant odd harmonic responses of the 2 Hz stimulus frequency, with the first (2 Hz) and third (6 Hz) harmonics predominating in the adults. The control condition responses, on the other hand, are dominated by even harmonic responses. These differences between test and control response spectra are summarized for each of the lattice types and stimulus orientations in Fig. 4 , which plots averages (across the 15 observers) of the scalar response amplitudes for the first four stimulus harmonics collected from O z . Responses were largest overall at O z (see Fig. 3 ), but effects related to the various stimulus conditions did not depend on the recording channel. Subsequent analyses were therefore restricted to responses from O z .
Test stimuli responses (Fig. 4 , black and gray bars) at the first and third harmonics (left panels) were larger than control responses (white bars) for all lattice types and orientations, while those at the second and fourth harmonic were similar across conditions, indicating that the odd harmonics specifically index sensitivity to the global organization of the textures. Across test conditions, the odd harmonic amplitudes were largest for the horizontal lattices (black bars), especially when the third harmonic (Fig. 4C) is considered. We used repeated-measure multi-variate analysis of variance (MANOVA) to test the significance of effects due to lattice orientation (horizontal or vertical), lattice type (random, hexagonal or rectangular), and harmonic (odd or even). The dependent measure was a three-dimensional vector of response amplitudes from the three lowest-order response harmonics: the 1st, 3rd, and 5th for the odd components, and the 2nd, 4th, and 6th for the even components. Control data (white bars) were not included in the MANOVA.
As expected from Fig. 4 , the odd harmonic amplitudes were significantly lower than the even harmonic amplitudes, F(3, 2) = 9.63, p = 0.002. There was also a significant effect of lattice type, F(6, 9) = 4.59, p = 0.02, with the random lattice having the smallest amplitudes. Finally, there was a highly significant interaction between lattice orientation and harmonic type: horizontal lattices elicited larger responses than vertical in the odd harmonics, but not in the even harmonics, F(3, 12) = 12.52, p < 0.001.
To ensure that the lattice orientation effect was not due to non-linearities in the video monitor that are specific to stimulus orientation, we recorded from three observers with the monitor tilted by 90 deg. In each case, responses from the visually horizontal stimuli were larger than the vertical stimuli.
Swept texture response functions: adults
We next sought to estimate sensitivity to the orientation regularity of the textures by measuring evoked response amplitudes over the full range of stimulus coherence. This analysis also compared responses from horizontal and vertical lattices, but only for the random and rectangular configurations. The direction of the sweep was also examined, but preliminary analyses indicated that the effect of sweep direction was small so we therefore collapsed across this variable.
VEP amplitude in the adults was an approximately linear function of texture coherence for the first and third harmonics (Fig. 5) . The first harmonic is several times larger than the third harmonic (note different scales). Prompted by the differences observed in the fixed coherence experiment, we first compared the coherence response functions for horizontal (Fig. 5A and C, gray symbols) and vertical global organizations (Fig. 5A and C, black symbols) . For the first harmonic (Fig. 5A) , extrapolation of the response to zero amplitude using the linear portions of the functions yielded thresholds of 17.18 ± 3.93% for the vertical orientation and 14.64 ± 2.37% for the horizontal orientation. These thresholds were not significantly different (p = 0.55). The slope of the response function was slightly steeper for the horizontal textures, but the effect was not significant (p = 0.18). The third harmonic showed a large difference in the gain of the response function, with horizontal textures leading to higher gains and a threshold estimated at 1.23 ± 6.9% (Fig. 5C ). Responses to the vertical texture condition were too weak to pass the criteria for delimiting the boundaries of the regression analysis (see (horizontal, black and vertical, gray) . The difference between the two orientations was larger for the odd harmonics that it was for the even harmonics. Also, amplitudes in the random lattice conditions were slightly smaller overall.
Section 2.8), so gain was not quantified and no threshold was determined.
When we compared the two lattice types ( Fig. 5B and  D) , we observed a small, but significant difference in the slope of the first harmonic response functions between the rectangular (Fig. 5B, black symbols) and random lattices, (Fig. 5B , gray symbols) with the function being steeper for the rectangular lattice: 0.018 ± 0.003 versus 0.015 ± 0.003; p = 0.0097. 1 The third harmonics showed a non-significant trend in the same direction: 0.005 ± 0.002 versus 0.003 ± 0.001; p = 0.094. Thresholds for the first harmonic were 15.414 ± 3.217 for the rectangular lattice and 15.527 ± 4.143 for the random lattice. Thresholds for the third harmonic were measurable for both lattice types when we pooled across orientation (Fig. 5D ) and were 12.811 ± 4.753 for the rectangular lattice and À1.765 ± 15.126 for the random lattice. Threshold estimates made after pooling response function across all conditions (sweep direction, orientation, and lattice type) led to a first harmonic threshold 15.961 ± 2.917 and a third harmonic threshold of 10.186 ± 6.146.
Swept texture response functions: infants
Due to the limited testing time that was possible with the infants, they were tested with only the rectangular lattice. The rectangular lattice was used because it led to the largest responses in adults. A slower alternation rate was used, based on preliminary data and due to the very sluggish infant response to these stimuli (Norcia et al., 2005) .
The infant response functions showed lower signal to noise ratio overall and vector averaging across observers was needed to obtain reliable response functions for the group. The response function for the horizontal lattice condition (Fig. 6, gray symbols) was a nearly linear function of coherence with an estimated threshold of 59.0 ± 6.42%. The response function for the vertical lattice condition (Fig. 6, black symbols) showed two response limbs. One limb lies at coherence values above 75% where it matches the horizontal function. These points have the highest the signal-to-noise ratios. Below this coherence, the vertical function has several points whose amplitudes are significantly different from zero based on the T 2 circ statistic (Victor & Mast, 1991) and are therefore signal. If the first limb of the function is used to estimate a threshold, a value of 19.59 ± 26.22% is obtained. The threshold for vertical patterns, while being lower than that for horizontal patterns, was not significantly different than that for horizontal patterns (p = 0.15). We did not compare gain for horizontal and vertical patterns due to the differences in the shape of the response function for the two orientations.
Discussion
As was noted in our previous study (Norcia et al., 2005) , the VEP response of both infants and adults is sensitive to the global organization of textures composed of singlescale oriented elements. Sensitivity to the global organiza- . Average adult response functions (channel O z ) from the swept coherence study. Symbols show average amplitudes of spectral components at the first (top panels) and third (bottom panels) harmonics of the organized/random alternation rate. Left panels show the two orientation conditions collapsed across the two lattice conditions, and the right panels show the two lattice conditions averaged over the two orientation conditions. All curves are the average of two matched conditions, one that swept the coherence from low to high visibility, and the other that swept from high to low visibility. The solid lines indicate the regression functions used to determine the threshold and slope of the responses. tion is indicated by the presence of measurable odd harmonic components in the response to organized/random transitions that are absent in the responses to random/random transitions. The adult response contained odd harmonic content that was largest at the 2 Hz fundamental, with third harmonic amplitudes being several times lower. Despite the lower amplitude at the third harmonic, these responses were highly reliable and thresholds measured at the third harmonic for horizontal patterns were lower than those for patterns of either orientation measured at the first harmonic. By varying the orientation coherence of our textures, we have found that infants appear to be sensitive to only highly coherent patterns. Infant thresholds were only measurable at the fundamental frequency, which was 1 Hz. The lack of higher frequency components in the infant responses is consistent with the very sluggish waveforms we observed in our previous study.
The voltage-versus-coherence functions were approximately linear for both first and third harmonics in the adults over the full range of coherences, although the third harmonic response for vertical patterns was very weak. Infant coherence response functions were monotonically increasing for the horizontal patterns, but not for the vertical patterns. The fact that there are several significant points in the middle range of coherence for the vertical pattern suggests that infants, unlike adults may have a vertical rather than horizontal global orientation bias in their response.
Our adult coherence thresholds are roughly similar to those measured psychophysically for concentric arrays of Gabor patches (Achtman, Hess, & Wang, 2003) . They found best thresholds of around 7-10%. The precise value of the VEP threshold one chooses for comparison either with previous psychophysical data or infant data depends on which harmonic is chosen. Thresholds measured at the first harmonic were around 14%, and those measured at the third harmonic were around 1% for the horizontal pattern. It would seem that our third harmonic thresholds are much better than those of (Achtman et al., 2003) . However, the third harmonic threshold has a standard error of 7%, the 5% confidence limit on the upper bound of the adult threshold at the third harmonic is 1.2% + 1.64 * 7% or 12.2% which is in line with the psychophysical thresholds. The substantial error on the third harmonic threshold leads to physically impossible, negative-valued lower bound estimates of the threshold. This problem is likely due to our use of a very large coherence range (0-100%) to measure the voltage versus coherence function. While this strategy is a good one for measuring gain, it is less optimal for estimating threshold, because there are few actual data samples in the near threshold range. Concentrating the sweep on a finer sampling of low coherence values is likely to have lead to lower errors for the adult threshold.
Comparing infant and adult thresholds for the horizontal patterns is straight-forward for the first harmonic data: infant and adult statistical uncertainties are comparable and the linear regression is a good fit to both response functions. Standard propagation of errors indicates that adult thresholds at the first harmonic are better than those of the infants by a factor of 4.0 ± 0.8. Comparison of infant and adult thresholds using the adult third harmonic data is more complex. Propagation of errors to estimate uncertainty on the infant/adult sensitivity ratio using the lower valued third harmonic threshold of the adults does not make sense because of the problem of negative lower bound thresholds. We can however place a conservative limit on this ratio by comparing the probable upper bound of the adult threshold (12.2%) to the probable lower bound of the infants which is 48.5% (59% À 1.64 * 6.4%). This comparison shows that it is unlikely that adults are less than a factor of four times more sensitive than infants. We therefore conclude that infant and adult thresholds differ by a factor of four or more for the horizontal patterns.
The non-monotonic response function for vertical patterns in the infants complicates the interpretation of thresholds for these patterns. The monotonically increasing range is small and signal-to-noise ratio is low in the first-limb of the response function. The regression technique is known to have biases towards over-extrapolation in cases like this (Norcia et al., 1989) . This bias effect, combined with the large statistical uncertainty of the measurement (26%) makes the estimate vertical sensitivity much more uncertain than that for horizontal sensitivity. Because of this large uncertainty, any comparison of infant and adult sensitivity is likely to be inaccurate.
The high degree of uncertainty on the infant vertical threshold also limits the ability to detect differences in sensitivity between the two orientations, if they are present. The probable upper bound sensitivity for vertical patterns in the infants is 62% (19.6% + 1.64 * 26%) which is consistent with the mean value for horizontal patterns of 59%. While infant horizontal thresholds are numerically higher than those for vertical patterns, the thresholds are not significantly different. This contrasts with the adults where sensitivity is measurably higher for horizontal patterns (1.23% ± 6/9% versus 17.18% ± 3.93%).
Relationship to previous studies of development
Two other orientation integration tasks similar to ours have been used to study development. A habituationdishabituation study (Humphrey et al., 1988 ) that contrasted arrays of radially arranged line-segments from random ones found that 4 month-old infants could discriminate the two organizations, but thresholds were not determined. Two other studies have used Glass patterns in older children (Lewis et al., 2004 (Lewis et al., , 2002 and have found that thresholds are still immature in mid-childhood. Glass patterns are composed of arrays of dot pairs with the orientation-axis of the dot pairs being constrained to a global rule such as co-circularity. The overall structure of the Glass pattern can only be detected by long-range integration.
Patients with amblyopia, a failure of neural development, have elevated orientation discrimination thresholds for disordered Gabor-patch arrays that resemble our random-lattice configurations (Simmers & Bex (2004) , but see Mansouri, Allen, Hess, Dakin, & Ehrt (2004) ). This suggests that normal experience during a developmental critical period may be necessary for global orientation mechanisms to mature. The deficits in amblyopia, coupled with the marked immaturity of the VEP to similar stimuli, suggest that long-range integration of orientation information is vulnerable to abnormal visual experience during development. The texture coherence VEP may thus provide an objective means to assess these disruptions as they occur during development and as they are potentially modified by treatment.
Relationship to other studies of spatial integration of orientation information
Spatial integration of orientation information relates more generally to other aspects of object and surface processing such as the continuity of contours (Beck, Rosenfeld, & Ivry, 1989; Field et al., 1993; Knill, 2001; Kovacs & Julesz, 1993) . One of the issues addressed in this literature is the specificity long-range integration mechanisms for collinearity of elements. The integration of Gabor-defined contours is robust when the elements along the path are collinear (neighboring elements aligned end-to-end) but not when they are aligned side-to-side (Field et al., 1993) . A similar effect was seen with line segments (Beck et al., 1989) . Contour integration tolerates polarity inversion of the elements along the contour (Field et al., 1993; Field, Hayes, & Hess, 2000) , but is quite sensitive to displacement of the elements off the spine of the contour (Hayes, 2000) . Discrimination of the global orientation of a field of randomly placed Gabor patches is, on the other hand, as accurate as that obtained with gratings (Dakin & Watt, 1997) , suggesting that the precise location of the local elements may not be critical limiting factor in determining the orientation discrimination threshold for textures.
In the present study, we examined the possible role of the relative position of elements within our textures by varying the type of lattice on which the elements were spaced and found small but measurable effects on response gain. A possible basis for this effect is a bias in the spatial pattern of feedback (Shmuel et al., 2005) and horizontal intrinsic connections (Bosking, Zhang, Schofield, & Fitzpatrick, 1997; Schmidt, Kim, Singer, Bonhoeffer, & Lowel, 1997; Sincich & Blasdel, 2001 ). These connections preferentially connect like-orientation orientation columns that are spatially aligned along the orientation axis. This arrangement may allow for differential encoding of collinear stimuli. The effects of different lattice organizations on human sensitivity to Gabor-defined textures has not been previously studied. Previous psychophysical studies have used either a rectangular lattice (Bonneh & Sagi, 1998 , a random lattice (Dakin, 2001; Dakin & Watt, 1997; Mansouri et al., 2004; Simmers & Bex, 2004) or polar lattices (Achtman et al., 2003) . Given that textures, while rich in locally parallel structure do not contain an especially large proportion of collinear elements (Ben-Shahar, 2003) , it is perhaps not surprising that the effect of the lattice type is small for these stimuli.
Effect of global orientation
We have found that supra-threshold response magnitude in adults depends on the absolute orientation of the organized texture, with horizontal configurations leading to the largest amplitudes. This effect was not present in infants, who showed, if anything the opposite trend. In our previous study (Norcia et al., 2005) , we randomized the global orientation after every image update and therefore did not analyze responses to the separate global orientations.
Orientation biases have been observed previously in the VEP using grating stimuli (Arakawa et al., 2000; Frost & Kaminer, 1975; Maffei & Campbell, 1970; Moskowitz & Sokol, 1985; Nelson, Kupersmith, Seiple, Weiss, & Carr, 1984; Sokol, Moskowitz, & Hansen, 1987 . However these biases are consistent with the well-known ''oblique effect'' which involves a superiority of sensitivity to both horizontal and vertical orientations relative to oblique ones (see Li, Peterson, & Freeman (2003) for a recent review of the neural basis of the oblique effect). A direct comparison of the amplitude and latency of the grating VEPs also showed no significant differences between horizontal and vertical patterns in normal adults (Logi et al., 2001) .
What could underlie the orientation bias we have observed? Our stimuli differ from gratings in that the orientation of the organized patterns can only be detected by integration of orientation information across at least pairs of patches separated by a distance of several carrier wavelengths. It is possible that the orientation bias we have observed is a property of long-range integration mechanisms. The specificity of intra-cortical connections for similar orientation domains could account for sensitivity to organized versus random textures via neural interactions that are different or more prevalent than those occurring between dissimilar orientation domains. However, an additional mechanism is needed to account for the orientation bias we have observed. At present, no comparable bias has been reported in either the system of horizontal connections or feedback connections. A horizontal/vertical orientation bias has however been reported in a recent fMRI study (Knyazeva, Fornari, Meuli, Innocenti, & Maeder, 2006) . That study found that horizontal drifting gratings produced larger activations than did vertical ones in extra-striate areas located in the lingual gyrus, middle occipital gyrus and cuneus which they suggest indicated sources in V2 and V3. No comparable bias has been observed with gratings in V1 (Furmanski & Engel, 2000) , although an oblique effect was present. The mechanism underlying the effect of global orientation observed in the present study thus remains unknown, but may involve specializations specific to extra-striate cortex.
